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A B S T R A C T

Titanium and its alloys have been routinely used to replace bone and teeth. This success is mainly due to their
remarkable clinical response, mechanical properties, chemical stability and appropriate biocompatibility asso-
ciated to a titanium dioxide (TiO2) layer. Chemically, the TiO2 surface is mostly terminated by eOH groups. An
increased amount of reactive eOH groups can be obtained by UV radiation treatment on TiO2 surface, which can
be readily functionalized with bifunctional organic molecules. Among the several types of organic molecules
available for reaction with eOH groups, bisphosphonates (BP) have been associated with a positive effect on
new bone formation. In this way, the present contribution aims at giving an overview study from the physi-
cochemical properties of two distinct BP (alendronate and risedronate), immobilized on the titanium surface
containing hydroxylated TiO2 film by UV radiation. Surface properties such as contact angle, surface free energy
and topography/roughness were evaluated. In addition, biocompatibility and mineralization tests performed
with osteoblastic-like cells are presented to evaluate the potential of these functional materials to be applied in
the dentistry and orthopedics fields. The results suggest that the UV treatment increased the surface wettability
and allowed an oriented immobilization of BP. In addition, the BP functionalized surfaces exhibited high via-
bility and mineralization of pre-osteoblast cells. Therefore, these compounds emerge as a potential treatment on
implants surfaces.

1. Introduction

Titanium and its alloys are extensively used as biomaterials for
implants in medicine and dentistry due to their excellent mechanical
properties, chemical stability, biocompatibility and applied clinical
response [1–6]. The physicochemical properties of titanium that confer
good biological performance are closely related to its surface char-
acteristics such as morphology, chemistry and wettability. Titanium
surface topographical modifications have been studied combining
micro e nanoscale features to mimic the characteristic of natural bone,
as osteointegration [7–9].

It is well known that metallic titanium has an amorphous native
titanium dioxide (TiO2) thin layer (5–6 nm) on its surface, which is
associated with the improved biocompatibility properties of titanium
when compared to other metals [10]. However, Maitz et al. [11]
evaluated that the native oxide layer was generally less hemocompa-
tible compared to a thicker and more homogeneous layer of TiO2. In
addition, studies have shown that a thicker and homogeneous TiO2

coating (100 nm) significantly increased the long-term bio-corrosion
titanium resistance, showing a similar cellular response [10]. There-
fore, the TiO2 crystallinity, hydrophilicity, and surface chemistry are
extremely important in the bone integration process [12,13]. Further-
more, the deposition of TiO2 in the nanometric phase can result in
better adhesion and proliferation of osteoblasts. In this way, the tita-
nium surface modification with a nanometric, crystalline and homo-
geneous TiO2 film can be accomplished through different methods of
deposition, such as spin coating technique [14].

Nanostructured titanium dioxide presents high dielectric constant,
high hardness and chemical stability and, due to these characteristics,
has been used as surface modifier in different applications, such as the
use of semiconductor nanomaterials, anticancer drug transporters and
biomedical implants [15–18]. In biomedical applications, recent re-
search has emphasized that the optimization of implant bone anchorage
is mainly focused on modified and hydrophilic TiO2 surfaces during
early stages of osteointegration [19]. In addition, several surface TiO2

modification procedures have been studied in order to induce chemical
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surface functionalities to adjust the physical and chemical properties of
the surface with adhesion, biocompatibility and cellular proliferation.

Surface manipulation involves a large number of experimental
procedures, in terms of surface modification and interfaces, for the
study of the interactions between bulk and surface modifier. This can
improve the corrosion resistance the material and increase oxide
bioactivity, presenting promising results in the interaction with the
tissue, since the biocompatibility is determined by chemical processes
that occur in the interface between the prosthesis and the living tissue
[19,20]. Studies have shown that monolayers formation on the titanium
surface can change the topography and surface chemistry generating a
material with new physical and/or biochemical properties by changes
in surface energy, wettability and topography of biomaterial [21]. This
could provide promising functional materials with molecular structure
controlled allowing cell adhesion and proliferation [8,22,23].

Chemically, the TiO2 surface is mainly terminated by hydroxyl
groups, which can dissociate into solution. This can generate positive,
negative or neutral charges, depending on the pH. The surface eOH
groups and the charges formed by the dissociation play an important
role in the connection with polymers, proteins and immobilization of
organic molecules [24]. The amount of eOH groups on the TiO2 surface
influences the catalytic photo-activity and the hydrophilicity properties
of the film [25]. It has been reported that the TiO2 film hydrophilicity
and surface energy increase through the combination of photo-activa-
tion mechanisms and structural changes in the surface by the en-
hancement of eOH groups [26–29]. Studies have shown that ultraviolet
(UV) radiation incident on TiO2 film alters the physical-chemical
properties of the surface. UV radiation removes hydrocarbons and/or
leads to the formation of reactive hydroxyl radicals generating highly
hydrophilic surface without altering the topography [30–32].

An improvement in wettability/hydrophilicity is generated by the
photoinduced cleavage of TieO bonds by increasing eOH groups on the
surface, which favors the adhesion and proliferation of osteoblasts
[33–35].

The presence of hydroxyl groups on the TiO2 surface allows the
covalent bonds formation with bifunctional bioactive organic com-
pounds through condensation reactions, forming self-assembled
monolayers (SAMs) on the oxide surface [21]. The surface modification
by covalent bonds provides the possibility of immobilization and spe-
cific orientation of molecules. These bifunctional molecules can alter
the chemical and morphological characteristics of the surface, included
wettability and nanotopography modifying the interface properties
between the cells and the implant, as well osteoblastic cell response. In
general, a roughness and hydrophilic surface could stimulate pro-
liferation and differentiation of osteoblasts during the osteointegration
process [8,36–40].

The formation of SAMs can occur through specific adsorption con-
ditions and reaction between one of the organic molecule functional
groups with the hydroxyls from the substrate. The other terminal group
is free to bind with proteins, cells, or even induce the formation of
calcium phosphate crystals [40–43], making the biological response
faster and more specific [43]. However, depending on the bifunctional
compound used, some problems can occur, as surface hydrolysis and
the formation of a non-homogeneous monolayer. Among the bioactive
and bifunctional molecules, the bisphosphonates (BPs) emerge as an
alternative with homogenous functionalization of TiO2 surfaces since
they are not susceptible to cell medium hydrolysis.

Bisphosphonates are compounds commonly used in treatments as-
sociated with metabolic bone disorders, in particular Paget's disease,
malignant hypercalcemia, osteoporosis and osteopenia [44–46]. In
addition, some studies also indicated that BPs may modulate in-
flammatory bone loss around total hip replacements induced by wear
debris [44]. Bisphosphonates are stable synthetic drugs analogous to
pyrophosphates, naturally occurring in the body. Pyrophosphates act
on the physiological regulation of calcification and bone resorption
[47,48]. Thus, synthetic drugs, like pyrophosphates, act as potent

inhibitors of bone resorption and inhibit in vivo calcification of soft
tissues, binding strongly to the bone mineral, hydroxyapatite, inhibiting
its crystallization and dissolution [49,50].

Chemically, the BPs differ from the pyrophosphates, on which the
central oxygen atom of the PeOeP bond is replaced by a central carbon
atom PeCeP, which increases the solubility of these compounds in
water and gives the compound greater resistance to chemical and en-
zymatic hydrolysis. The chemical structure of the BPs presents two
phosphate groups (ePO3) covalently linked to a central carbon and two
chains, generically named as R1 and R2. The central PeCeP binding is
responsible for the strong affinity of the drugs with hydroxyapatite.
During interaction with hydroxyapatite, bisphosphonate becomes a
highly charged acidic structure capable of chelating cationic ions, such
as calcium, facilitating the inhibitory effects on bone metabolism in
vitro and in vivo [48–50]. Both phosphate groups are required, and
modifications in one or both R1 and R2 groups may significantly alter
bone mineral affinity [51]. These groups act by different mechanisms
affecting the intracellular processes essential for the cytoskeleton or-
ganization [52–54].

The strategies of BPs implant surfaces immobilization have been
demonstrated to be efficient in osteoporosis patients during implant
fixation [55], as well as in the control of biofilm formation at the im-
plant-bone tissue interface [56]. The action mechanisms of BPs on the
implants surface are not yet fully understood. However, it is known that
BPs act to inhibit the proliferation of osteoclasts inhibiting bone re-
sorption. Thus, the development of strategies for the immobilization of
bisphosphonates on the TiO2 surface may reduce possible adverse ef-
fects on the healthy tissue angiogenesis around the implant [57].

The present contribution aims giving an overview study from the
physicochemical properties of two distinct bisphosphonates, alen-
dronate and risedronate, immobilized on the titanium metal surface
containing hydroxylated TiO2 film. Surface properties such as contact
angle, surface free energy and topography/roughness will be evaluated.
In addition, biocompatibility and mineralization tests performed with
osteoblastic-like cells are presented in order to evaluate the potential of
these functional materials to be applied in the dentistry and orthopedics
fields.

2. Materials and methods

2.1. Materials

Titanium samples were prepared from commercial pure titanium
grade 4 (Ti cp4) discs, diameter 12.7mm and thickness 3mm, obtained
from Acnis (Brazil). All others reagents were analytical grade and
purchased from Sigma-Aldrich. All chemicals were used without any
further purification. All aqueous solutions were prepared with a
Millipore Milli-Q system.

2.2. TiO2 synthesis solutions

The TiO2 solution was prepared was prepared according to the
protocol developed by Trino, L.D [58].

2.3. Preparation and modification of titanium substrates

The Ti cp4 discs were sandblasted in an Arotec polisher (Aropol-2v
model) for 2min using sandpapers granulometry of 320, 400, 600 and
800, obtaining substrates standardized with Ra value of
~194.91 nm ± 6.95 nm. Ti cp4 discs were cleaned with ultrapure
water, isopropyl alcohol and again with ultrapure water for 10min
each, in an ultrasonic cleaner. Subsequently, the substrates were che-
mically cleaned in a highly acidic piranha solution mixture of 7:3 (v/v)
98% H2SO4 and 30% H2O2) for 2 h. Piranha solutions does react with
the titanium, removing organic impurities and forms a more hydro-
xylated and hydrophilic surface [58,59]. After that the substrates were
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rinsed in an ultrasonic cleaner with the same procedure related before
for immediately oxide deposition.

The TiO2 deposition was performed by spin coating technique
(2000 rpm per 60 s) using a Headway Research INC (model PWM32-PS-
R720) equipment. Over the metallic surface substrate three drops of
TiO2 solution were added. They were then placed in a hot plate at 40 °C
for 5min and the spin process deposition was repeated three times for
each sample. After that, the samples coated with TiO2 were annealed at
850 °C for 2 h in a heating rate of 1 °Cmin−1 in order to obtain a rutile
crystalline polymorphic phase [58].

2.4. Surface hydroxylation

Thin films of TiO2 were exposed to type C ultraviolet radiation using
a commercially available photo device with 8W (256 nm) UV-light
source. Samples were illuminated at intervals of 10 to 105min and
contact angle measurements were performed immediately after ex-
posure. After UV exposition the substrates, denominated TiO2 (UV),
were functionalized.

2.5. Preparation of SAMs

Alendronate and risedronate aqueous solutions were prepared at a
concentration of 1mg/mL. The TiO2 substrates hydroxylated
[TiO2(UV)] and not UV-treated were immersed in the solutions con-
taining the respective bisphosphonates at room temperature for 18 h.
Afterwards, the samples were rinsed in water 3 times for 1min to re-
move the physiosorbed alendronate or risedronate molecules. After the
functionalization the samples were kept in vacuum at room tempera-
ture until further use. The samples were denominated TiO2(UV)-Ale,
TiO2-Ale, TiO2(UV)-Ris and TiO2-Ris, for UV substrates treated and
functionalized with alendronate, substrates without UV treatment and
functionalized with alendronate, substrates UV treated and functiona-
lized with risedronate and substrates without UV treatment and func-
tionalized with risedronate, respectively.

2.6. Surface characterization

The crystalline phases of the TiO2 deposited films were evaluated by
a diffractometer system (XRD, D/MAX-2100/PC, Rigaku) using CuKα
radiation within (k=1.54056 Å) coupled to a nickel filter, in order to
eliminate the CuKβ radiation. The samples were scanned from 20° to
45°, with regular step of 0.02min−1 and scan speed of 2min−1, at
40 kV/20mA. In order to determine the crystal structure, results were
compared with PCPDF 65–3411, 44–1294 and 76–1949 cards for Ti and
TiO2, respectively.

Surface chemical composition was analyzed using X-ray photo-
electron spectroscopy (XPS, Scienta Omicron ESCA), equipped with an
EA125, Xm1000 monochromator and Al Kα X-ray source (1486.7 eV).
Survey scans were completed at each region, followed by high resolu-
tion scans for C1s, O1s, P2p, and N1 s. Scans were aligned to the
binding energy of the Ti 2p3/2 peak at 458.8 eV. Curve fitting was
performed using the CasaXPS software. Peak identification was done to
obtain a consistent fit for all the potentials investigated [60].

Contact angle and surface energy measurements were conducted in
a goniometer (Ramé-Hart 100–00, Succassuna, NJ), by the sessile drop
technique, using deionized water (polar substance), and diiodomethane
(non-polar substance) as the probing liquids. The liquid was dropped
automatically by a computer-controlled system and an image proces-
sing program determines the profile of this drop and then calculates the
contact angle. The contact angle was measured 3 times with the same
sample, on different positions, in an ambient air, and the average value
was used. The results are expressed as a mean ± standard deviation for
each experiment. The program also allows the surface energy of the
material to be determined by harmonic and geometric methods, ac-
cording to the Owens method [61], and energy magnitude was

estimated by the sum of the dispersive component and the polar com-
ponent generated by the liquids in contact with the substrate surface
[62]. All measurements were carried out at room temperature and three
spots were analyzed on each sample.

Surface topography and surface roughness measurements were
evaluated using atomic force microscopy (AFM, Park System XE7, Santa
Clara-USA) in non-contact mode. Analysis was conducted using a si-
licon cantilever (PPP-NCHR, Park Systems Corporate) having a constant
force of 42.0 N/m and frequency of 330 Hz. The substrates were
scanned in air under room temperature conditions. The images were
taken using a scan rate in the range of 0.8 Hz, a peak force set point of
9.0 V, and a scan size performed over a 2.0 μm×2.0 μm.

2.7. In vitro biocompatibility

2.7.1. Cell culture
Mouse preosteoblast MC3T3-E1 (subclone 14) cells (ATCC-American

Type Culture Collection) were cultured in α-MEM (Minimum Essential
Medium α, (Gibco, Carlsbad, CA) supplemented with 10% FBS (Fetal
Bovine Serum, Gibco), 1% of 10.000 U penicillin-10 mg/mL strepto-
mycin (Sigma-Aldrich) and kept at 37 °C in humidified atmosphere with
5% CO2. After reaching the subconfluency the cells were subcultured
using the enzyme trypsin (0.25% trypsin, 1mM EDTA - Sigma-Aldrich),
responsible for dissociating the cells from the culture flask, maintained
for 5min in the CO2 incubator at 37 °C, then the enzyme was in-
activated with α-MEM 10% FBS. Cells were centrifuged at 1200 rpm,
5min at 4 °C. The supernatant was discarded, and the cells were diluted
in a new α-MEM 10% FBS medium. Prior to cell platting, titanium
samples (Ticp4, TiO2(UV), TiO2(UV)-Ale and TiO2(UV)-Ris) were
maintained for 30min in ultraviolet light to reduce the risk of con-
tamination [63].

2.7.2. MTT reduction assay
For the MTT reduction assay, 0.050mL medium (αMEM+10%

FBS+1% antibiotic) containing 2× 104 cells was carefully added to
the surface of each substrate to prevent cell adhesion in 24-well plates.
After incubation for 4 h, at 37 °C in a humidified atmosphere with 5%
CO2, 1.0 mL of medium was then carefully added into each well. The
assay was performed at 24, 48 and 72 h. In each experimental period,
the wells were washed with phosphate buffered saline solution (PBS
1×), then the cells were incubated in a sterile MTT solution (0.5 mg/
mL) for 4 h at 37 °C in a humidified atmosphere with 5% CO2. The
solution was removed and the intracellularly reduced insoluble pigment
was extracted with DMSO (dimethylsulfoxide-Synth) at room tem-
perature for 30min. The experiment was in triplicate and tissue culture
plastic was use as control. The extracted contents (n=3/time point)
were transferred to another 96-well plate to allow reading by absor-
bance at 550 nm (Synergy™ Mx Monochromator-Based Multi-Mode
Microplate Reader, BioTek Instruments Inc.) [63–65].

2.7.3. Cellular morphology
The morphology and adhesion alteration of the preosteoblastic cells,

on the titanium derivatives surfaces (Ti, TiO2(UV), TiO2(UV)-Ale, and
TiO2(UV)-Ris, were observed using a scanning electron microscope
(EVO LS15, ZEISS, Oberkochen, Germany). For cell culture, MC3T3-E1
cells were incubated for 48 h (same MTT procedure), followed by re-
moval of the medium and washing with PBS. The specimens were fixed
in 2.5% glutaraldehyde and 1% osmium tetroxide for 2 h, and then
washed with water. After this, the substrates were sequentially dehy-
drated using ethanol gradient solutions (50, 60, 70, 80, 90, and 100%)
for 10min each, followed by drying [66]. The specimens were coated
with gold under Argon gas using a plasma sputtering system and then
imaged at ×1000 magnification was taken.

2.7.4. Extracellular matrix mineralization
Quantification and detection of the amount of mineralized calcium
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deposited in the extracellular matrix were performed by alizarin red
staining. For the alizarin red assay, 0.050mL of medium containing
5× 104 cells/well (cultured as described above) were platted on the
surface of substrates in 24-well plates, and 1.00mL of medium was then
added after 4 h of incubation. The assay was realized in 4 replicates, on
plastic and differently Ti surfaces, for a period of 14 days. After this, the
cells were rinsed with PBS three times and then fixed in 70% ethanol
(0.70 mL) for 1 h at 4 °C. The cells were stained with 0.70mL of Alizarin
Red in ultrapure water for 10min at room temperature. Then the cells
were rinsed with ultrapure water until color disappeared and images
were taken [67–69].

2.7.5. Statistical analysis
Statistical analysis of the cell assays were performed in the Graph

Pad Prism 5 software (GraphPad Prism, GraphPad Software Inc., San
Diego, California, USA) by selecting the one-way ANOVA statistical test
complemented by the Tukey test, with the level of statistical sig-
nificance set at p < 0.05.

3. Results and discussion

The obtained TiO2 films deposited by spin coating technique over
the Ti cp4 surface present nanometric scale, as reported elsewhere [58].
The XRD analysis indicated that the TiO2 films show a characteristic
rutile pattern phase according to PCPDF 65–191. Due to the high sin-
tering temperature used to obtain the rutile phase, TiO2 films presented
particles size around 75 (± 6.4) nm and thickness of approximately
500 nm, determined by scanning electron microscopy according to
previously published data [58].

The hydroxylation of the TiO2 films surface was carried out in order
to promote an improvement in the adsorption of biomolecules and
consequently in the process of osseointegration, by modifying the TiO2

hydrophilicity and wettability.
Hydrophilicity and wettability are intrinsically related surface

components, represented by the surface energy of the material and the
contact angle. The wettability of a surface depends on the thermo-
dynamic equilibrium between solid, liquid and vapor interfaces. The
magnitude of the surface energy is associated with the polar and dis-
persive components generated by the polar and apolar liquids in con-
tact with the substrate, based on the contact angle measurements.
Therefore, surface free energy and contact angle are directly associated
with the surface chemical and topographic composition
[32,35,39,67–71]. Some studies report the strong influence of hydro-
philicity and/or hydrophobicity on the cell adhesion process, and a
higher cell adhesion and proliferation was reported on surfaces with
moderate hydrophilicity, having a water contact angle in the range of
60°–90° [37,72–74]. Interestingly, Vasilescu et al. reported that higher
levels of cell attachment can be obtained on hydrophilic surfaces with
contact angle in the range of 20°–40°. [75]. Others correlate the

spreading and greater fibroblasts propagation with free surface energy
higher than 45 (mN/m) [74]. Aita et al. [76] reported that, in vivo tests,
the UV titanium surfaces treatment increase the hydrophilicity of the
material by promoting the formation of new bone at the implant bone
interface. However, there is no consensus about the ideal degree of
hydrophilicity for cell adhesion, since it is highly dependent on topo-
graphy and surface chemistry. An assessment of both factors is that will
provide a better cellular response [72,77,78].

A qualitative confirmation that the surface was chemically modified
can be obtained through contact angle measurements. The property
related to the number of electrons on the surface and consequently
correlated with the surface free energy. In addition, the contact angle
represents a quantitative measure of the wettability process. In general,
the higher the surface energy the greater the wettability and the better
the adhesion between the material surface and the physiological media
components [37,79,80].

High hydrophilic surfaces produce very low contact angles, con-
verging 0° in to metallic or clean metal oxide surfaces. Small contact
angles (< 90°) correspond to high wettability of the surface, while large
contact angles (> 90°) correspond to low wettability [81]. The wett-
ability and hydrophilicity of TiO2 surfaces can be adapted from 0° to
170° by modification with UV irradiation and/or functionalization with
organic compounds [82]. In general, the higher the wettability the
greater the surface free energy and the better the adhesion between the
material surface and the physiological media components [80–82].

To activate surface hydroxyl formation, TiO2 films were exposed to
ultraviolet type C radiation using an 8W (256 nm) lamp [83]. In the
process of UV irradiation, photons excite the surface of TiO2 generating
vacancies (□) of oxygen. The electron from the surface interact rapidly
with adsorbed oxygen and/or water molecules filling the generated
vacancies by oxygen, forming eOH groups on the surface [84–88] al-
tering the hydrophilicity and surface energy.

The contact angle and surface energy values obtained for the TiO2

film (n=3), after different exposure times in the UV light lamp, are
summarized in Fig. 1a and b.

The initial values of the contact angle and surface energy were 43.2°
and 66.40 dyn/cm. After UV exposition it is observed that the lower
contact angle value occurs at 45min of exposure (23.9°) when com-
pared to the samples without UV treatment (43.2°). In addition, it is
important to mention that surface energy value changed, increasing
from 66.4 dyn/cm to 72.4 dyn/cm. The differences of the contact angle
and surface energy initial values indicated a highly hydrophilic state
produced by UV irradiation after 45min time. Although they have
contact angle values that decreased with exposure time in UV light
exposure, the surface energy for the substrates are very similar, as can
be seen in Fig. 1b. Polar components are expected to attract water di-
poles and minimize contact angle. Thus, the increase of the polar
components, by the formation of hydroxyl groups on the surface, would
lead to an increase in the total free energy of the surface as observed in

Fig. 1. Contact angle (a) and surface energy (b) measurements of TiO2 substrates as a function of UV exposition time.
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45min. However, other interfacial factors, as electrons in the surface,
may interfere with the dispersive component, which would lead to a
very similar surface energy between substrates exposed to different UV
light times [89,90]. Therefore, it can be said that UV irradiation
changes the chemical composition of nanoscale TiO2 surface by mod-
ifying the electrostatic force on the oxide surface and its hydrophilicity.
These changes act as the driving force for interaction between organic
molecules and titania substrates. In general, the methods used for
biofunctionalization of titanium metal surfaces, deposition and hydro-
xylation of TiO2 promote a versatile film with polar characteristic from
the bifunctional organic spacers, important in the implant/protein in-
terface process.

To determine the physicochemical changes attributed to the TiO2

photocatalytic phenomena, the titania surfaces, before (TiO2) and after
45min irradiation (TiO2 (UV)), were characterized by X-ray photo-
electron spectroscopy (XPS). The survey spectra contain Ti 2p
(~460 eV), O 1s(~530 eV) and C 1s (~285 eV), but not other peaks
(Fig. 2). The trace amount of carbon and nitrogen is likely due to the
impurities of the substrate or adventitious contaminants. Both, TiO2

and TiO2 (UV) survey and high resolution Ti 2p and O1s XPS spectra,
did not present significant differences. In this way it was not possible to
evaluate modifications on the hydroxyl groups from TiO2 (UV) surface.

Fig. 2 shows the high-resolution XPS spectra of Ti2p and O1s region
of the TiO2 surface. The 2p3/2 peaks of Ti and TiO2 are known to be at
453.8 eV and 458.8 eV, respectively. The Ti2p spectrum revealed a
clear Ti 2p3/2 peak at approximately e Ti 2p 1/2 peak, corresponding
to the Ti(IV) of TiO2. The energy difference between spin orbit peaks Ti
2p1/2 and Ti 2p3/2 is 5.7 eV which is consistent to Ti4+ in TiO2 bond.
The deconvolution the O1s peak shows two contributions that can be
assigned to TieO in TiO2 and eOH groups on the surface [91].

Binding energy and percentages of the TieO and eOH contributions
were presented in Table 1. From Table 1 the hydroxyl groups con-
tributions at the TiO2 film surface, detected by XPS, are related to H2O
chemisorbed. [87,88] In fact, some studies [89] have already shown

that the decrease in surface hydroxyl groups was observed in XPS ex-
periments when the measurement was maintained for 2–3 h after the
introduction of the sample into the ultra-high vacuum (UHV) chamber
from the equipment. This suggests that hydroxyl groups formed by UV
irradiation can desorbed (desorption of surface water molecules) even
at room temperature in the UHV chamber. Therefore, the detection of
photocatalytic behavior does not occur through the spectroscopic
technique, which in this case was performed after 12 h in the UHV
chamber [90].

A number of studies involving the UV light treatment on the titania
surface, confirm that increased hydrophilicity by decreasing the contact
angle comes from a greater hydroxylation of the surface. The hydro-
xylation process is time reversible and the substrates must be im-
mediately functionalized with the bifunctional compound of interest
[91].

Titania substrates without irradiation (TiO2) and irradiated for
45min with UV lamp [TiO2 (UV)] were immediately functionalized
with the bisphosphonates alendronate and risedronate.
Bisphosphonates tend to form self-assembled monolayers (SAMs) on the
oxide surfaces of TiO2 being able to form hydrolytically stable and
strongly adhered to the substrates. Alendronate and risedronate have
two functional groups, phosphate or amino, chemically capable of
forming a covalent bond with hydroxyls groups present on the TiO2 film
surface, in order to obtain different chemical interfaces [40].

The main chemical element compositions of substrates were

Fig. 2. (a) Survey and high resolution of O1s and Ti 2p XPS spectra for TiO2 films and (b) Survey and high resolution of O 1s and Ti 2p XPS spectra for TiO2 (UV)
films.

Table 1
Positions and contributions of the Ti-O and -OH.

Surface Binding energy (eV) %

TiO2 529.4 (TieO) 65.09
530.9 (eOH) 34.91

TiO2 (UV) 529.4 (TieO) 62.91
530.8 (eOH) 36.18
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observed by XPS. More information about the bisphosphonate chemical
bond and the UV influence of hydroxylation substrate can be obtained
from a careful analysis of high-resolution XPS scans. The bifunctional
chemical compounds analyzed and the XPS survey spectra of TiO2,
TiO2-Ale, TiO2 (UV)-Ale, TiO2-Ris and TiO2 (UV)-Ris, are shown in
Fig. 3.

Both survey spectra contain Ti 2p (~454 eV), O 1s (~530 eV), C1s
(~285 eV), N 1s (~400 eV) and P 2p (~133 eV) signals confirming the
adhesion of the bisphosphonates on the oxide surface. The N 1s and P
2p photoelectron signals are expected to be weak due to the lower
quantity of these elements on the molecules structure. A peak at
~1072 eV is consequence of remaining Na from the functionalization
process. All the samples showed a similar Ti 2p high-resolution spec-
trum when compared with the TiO2 substrates, previously described.

Analyzing the O 1s, P 2p and N 1s high-resolution spectra (Fig. 4)
for the functionalized samples it is possible to evaluate the mode of
attachment of the bisphosphonates on the TiO2 surface. Furthermore,
these spectra allow evaluating the influence of UV treatment on the
surface prior to functionalization. Most importantly, the P (2p) and N 1s
signals confirm the presence of bisphosphonate adsorptions on the TiO2

surface [72,92].
Analyzing the high-resolution N 1s, O 1s and P 2p spectra of alen-

dronate on the TiO2 and TiO2 (UV) surface it is possible to understand a
preferential binding mode on both substrates. The deconvolution of N
1s high-resolution spectrum for TiO2-Ale shows that the main peak has
two contributions centered at 396.4 eV and 399.7 eV, referent to TieN
(or TieOeN) and a free CeNH2/NH2 from alendronate.

The TiO2(UV)-Ale shows a N 1s peak with two contributions, cen-
tered at 398.5 and 400.7 eV, relative to free CeNH2/NH2 bonds
[40,72,91,92].

The O 1s signal for TiO2-Ale presents three contributions at
528.9 eV, 529.8 eV and 531.5 eV, which corresponds to TiO2, TieO, and

TieOeP/P]O bond, respectively. The same contributions were ob-
served for TiO2 (UV)-Ale, but centered at 529.1 eV, 530.1 eV and
531.5 eV. In this case, there is a reduction of the TieO contribution
(about 13%) and a 5% increase on TieOeP/P]O contribution, which
can be attributed to the higher number of hydroxyl groups on the TiO2

(UV) surface [40,91]. The P 2p high resolution spectra deconvolution
shown a characteristic asymmetric P2p1/2 and P2p3/2 for both sub-
strates centered at 132.1 eV and 132.9 eV, confirming the presence of
alendronate on the surface [91]. The TiO2 (UV)-Ale presents alterations
on the orbital electronic distribution with more electrons on the P2p3/2,
probably influenced by UV treatment on the TiO2 surface.

The TiO2-Ris and TiO2 (UV)-Ris high resolution XPS spectra showed
similar results with TiO2-Ale and TiO2 (UV)-Ale. The N1s spectrum of
TiO2-Ris presented tree contributions: the first at 396.4 eV is relative to
TieN interaction; and the other two at higher energy at 401.0 eV and
398.9 eV are related to C]N/CeN bond. For TiO2(UV)-Ris two N1s
contributions were observed centered at 400.1 eV and 401.2 eV, related
to C]N/CeN groups. The presence of these groups also indicates that
the UV surface treatment directs the formation of specific binding be-
tween the bisphosphonates and the TiO2 hydroxylated surface, leaving
the CeN groups free on the surface. Oxygen 1s spectrum shows two
peaks localized at 529.2 eV and 529.9 eV relative to TiO2 and TieO
bond. Another peak at 531.5 eV is also observed and can be assigned to
the superposition between TieOeP and P]O bonds. The TiO2(UV)-Ris
presents identical contributions in 529.3 eV, 530.2 eV and 531.6 eV,
with about 5% increase area variation. The P2p signals are similar to
the asymmetric peaks obtained for substrates functionalized with
alendronate. The 2p3/2 and 2p1/2 peaks appear centered on 132.3 eV
and 133.7 eV, respectively for TiO2-Ris. UV light treatment before
functionalization also leads to an electronic redistribution in the 2p3/2
orbitals (132.9 eV) and 2p1/2 (133.7 eV) [92,93].

The information obtained by XPS is useful for understanding the
configuration of the molecule on the surface. Fig. 5 shows possible
modes of attachment for alendronate and risedronate molecules on the
surface of titanium dioxide.

According to the analysis of the high-resolution N 1s, O 1s and P 2p
spectra, TiO2-Ale interacts with the surface according to models (a), (b)
and (c) from Fig. 5. The TiO2 (UV)-Ale has free NH2 groups, binding
through TieOeP interactions with the oxide surface, which may be
mono-, bi- or tridentate. From XPS measurements it was not observed
TieN bonds for TiO2 (UV)-Ale samples, as observed in Fig. 5c. The
substrate functionalized with risedronate shows the same behavior. For
TiO2-Ris three binding modes are possible, as can be seen in Fig. 5(d),
(e) and (f). The UV light treatment also directs the mode of attachment
for the TiO2 (UV)-Ris on the oxide surface, and no TieN contributions
are observed during the bisphosphonate immobilization. As reported by
Zheng, et al., [72] the bisphosphonates interactions on hydroxylated
surfaces involves the condensation between TieOH bond from the
surface and P-OH groups from the bisphosphonates, forming mono-, bi-,
or tridentate bonds. In addition, the PeOH and P]O groups present in
alendronate immobilized on the TiO2 (UV) surface may interact with an
adjacent organic group or with hydroxyl or oxo groups on the substrate
via hydrogen bonding [20,92–96]. Depending on the various possible
bonding modes, it is difficult to predict the distribution of the chemical
bonds and an exact surface structure [97]. The covalent bonding of the
molecules on the surface is very important to understand the physico-
chemical properties of the surface, since they are determined by the
final group on the surface.

As shown by XPS analysis the alendronate and risedronate surface
properties are governed by amine groups and the pyridine ring, re-
spectively. In addition, the use of surface treatment (UV radiation) di-
rects the bonds on the surface of TiO2 and homogeneous monolayers
are obtained. The pendant end groups in the monolayer surface offer
the reactions possibility with other organic groups of the interface, as
proteins and cell, chemically modifying the surface and the cellular
interaction [98–100].

Fig. 3. Chemical structure of alendronate and risedronate and survey XPS
spectra of TiO2, TiO2-Ale, TiO2(UV)-Ale, TiO2-Ris, and TiO2(UV)-Ris.
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As the chemical surface and topography alter the wettability of the
surface, modulating the interactions that occur at the chemical inter-
face from dental and orthopedic implants, water contact angle mea-
surements and surface energy were performed for bisphosphonates
functionalized substrates. The measurement was performed at 3 points
for each sample in an ambient air, and the average value was used. The
TiO2(UV)-Ale and TiO2 (UV)-Ris showed a contact angle of 9.9° and
21.3°, with surface energy of approximately 73.2 dyn/cm and 74.8 dyn/
cm respectively, compared to the initial TiO2(UV) contact angle (23.9°)

and surface energy (72.41 dyn/cm). Fig. 6 shows the contact angle and
surface energy values for the UV treated functionalized samples
[101,102].

Generally, a hydrophobic surface has a contact angle> 90°, while a
hydrophilic surface has a contact angle of< 90°. After alendronate
functionalization of the TiO2(UV) the surface became more hydrophilic
with lower contact angle and consequently greater wettability. The
TiO2(UV)-Ris maintained the similar contact angle to TiO2(UV).
However, both TiO2(UV)-Ale and TiO2(UV)-Ris exhibited similar

Fig. 4. High-resolution XPS spectra of N 1s, O 1s and P 2p for the functionalized samples.

Fig. 5. Possible model of attachment upon TiO2 surface for (a, b, c) alendronate and (d, e, f) risedronate.
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surface energy, due to contribution of different dispersive and polar
components. In this case, the presence of hydroxyl and ionizable amino
groups on the TiO2(UV)-Ale surface contributed to the increase of the
free-energy from the polar component with a reduction of the contact
angle and consequently an increase in hydrophilicity. For TiO2(UV)-Ris,
beside the larger contact angle, it is believed that the pyridinium rings
with electron resonance alter the polar and dispersive components,
leading to a surface energy similar to that obtained for TiO2(UV)-Ale. In
view of this, both substrates have contact angles and free surface energy
that confer hydrophilicity to the material favoring the proliferation of
osteoblasts [103].

Topography and surface roughness were evaluated through AFM
measurements. The results are presented in Fig. 7 and show the
TiO2(UV) and TiO2(UV) functionalized films.

The results showed significant differences in TiO2 surface after im-
mobilization of the bisphosphonates. It can be observed that the oxide
functionalization leads to increase the arithmetic surface nanorough-
ness (Ra) and became even more uniform after alendronate and rise-
dronate functionalization [104].

The pre-osteoblast MC3T3-E1 cells cultured on titanium surfaces
and modified substrates (TiO2(UV), TiO2(UV)-Ale and TiO2(UV)-Ris
were performed by the MTT reduction assay. MTT is a quantitative and
commonly used method to evaluate the cellular response (viability/

cytotoxicity) submitted to an external component, detecting increase or
decrease of cells. Ti substrates were used as a control group because
they are materials already used in implants with cytocompatibility and
bioactivity evaluated [43,105,106].

The results of MTT optical density (OD) values at 570 nm are shown
in Fig. 8. After 24 h of cell culture, it was possible to observe a great
increase in the cellular viability for the functionalized substrates with
alendronate and risedronate, even higher than TiO2(UV) substrate. In
48 h of cell culture, a pronounced increase in cell viability for TiO2(UV)
substrates is observed when compared to TiO2(UV)-Ale and TiO2(UV)-
Ris substrates. However, the TiO2(UV)-Ale substrate shows a moderate
increase between 24 and 48 h, while for TiO2(UV)-Ris no significant
differences were detected. After 72 h of cell culture, all the substrates
presented reduction in the cell viability. Some studies associate this
cellular viability reduction with advancement into the osteoblastic cell
differentiation stages. The reciprocal relationship between decreased
cell proliferation and induction of differentiation has been reported
[107].

However, it is not possible to state from the biological tests carried
out.

The influences of surface modifications treatment (UV radiation and
bisphosphonate functionalization) showed to be significant for eva-
luation of the substrates as bone implants when compared metallic

Fig. 6. Contact angle (a) and surface energy (b) measurements of TiO2, TiO2(UV), TiO2(UV)-Ale and TiO2(UV)-Ris substrates.

Fig. 7. Two-dimensional (on the top) and three-dimensional (down) AFM images of the surface of TiO2 (Ra= 9.34 ± 0.2 nm) (a), TiO2(UV)-Ale
(Ra= 16.20 ± 0.77 nm) (b) and TiO2(UV)-Ris (Ra= 16.55 ± 0.12 nm) (c).
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titanium. In general, the functionalization of the surface alters the
physicochemical properties of the surface and even so, it is favorable for
adhesion and proliferation of osteoblasts.

SEM observation (Fig. 9) after 48 h of cell culture showed that pre-
osteoblasts morphology adhered on surfaces. Both surfaces have ade-
quate adhesion and proliferation to MC3T3-E1 cells as assessed in the
cell viability results. The cells have a rounded and/or ovoid mor-
phology with cytoplasmatic extensions. The adherent cells displayed a
rounded or polygonal polarized shape on functionalized surfaces.

Calcium deposition (mineralization) is one of the most significant
indications for bone formation and the differentiation of osteoblasts is
one of the key processes. The in vitro MC3T3-E1 differentiation into
osteoblast was qualitatively obtained by Alizarin Red staining assay. In
this procedure, extracellular matrix mineralization (ECM), the areas of
calcification in the cells, are stained in red by Alizarin Red staining
through the specific calcium binding sites.

The representative image of calcified matrix deposition at 14 days is
shown in Fig. 10.

It can be noticed a slight reddish coloration and formation of a layer
on the surface of the substrates (Ti, TiO2(UV) and TiO2(UV)-Ris) with

evidence of formation of mineralized nodules and with evident accu-
mulation of collagen. The TiO2(UV)-Ale substrate showed no evidence
of mineralization after 14 days.

The cell can be stimulated basically for two distinct situations:
proliferation or differentiation/synthesis. In the case of pre-osteoblasts
there may be a stimulus for proliferation, with increased cell viability
results, however without mineralization. On the other hand, when sti-
mulated for differentiation (induction with beta glycerophosphate and
ascorbic acid after 2 days of adhesion) in osteoblasts and bone pro-
duction (or in vitro mineralization nodules), these cells will stop pro-
liferating. Therefore the results of cell viability may be lower in this
case, since the cells have not proliferated but differentiated in blasts. In
summary, the results may suggest that cells on the surface of TiO2 (UV)-
Ale proliferated rather but did not differentiate into osteoblasts.

Studies have shown that the initial collagen production can be al-
tered by topography and surface hydrophilicity [107, 108]. It is known
that in osteogenic medium, MC3T3-E1 cells follow a developmental
process, including an initiation phase (1–2week), in which cells pro-
liferate slowly, express ALP activity and other bone specific genes, re-
sulting in the formation of collagen matrix. During the second ma-
turation phase (2–4weeks) the mineralized matrix formation is
observed. The mineralization nodules are considered, in vitro, a func-
tional point that reflects cell differentiation [63].

In this context, the topography of the implant surface affects the
cellular behavior, the rate and extension of the interfacial bone for-
mation, altering the biomechanical quality of the newly formed and the
adherent extracellular matrix formation and mineralization. Thus, the
presence of bisphosphonates structures on the TiO2 surface tends to
alter the time formation of mineralized matrix, altering the production
of fundamental collagen in the properties of osseointegration, influen-
cing the physical properties of the extracellular matrix [63].

4. Conclusions

This study demonstrates the chemical and physical effects on TiO2-

Fig. 8. Optical density (OD) measurements relative to MC3T3-E1 cell viability
on Ti and TiO2 substrates derivatives, after culturing for 24, 48 and 72 h (one-
way ANOVA, black star, p < 0.05).

Fig. 9. Scanning electron microscopy (SEM) of MC3T3-E1 cells cultured after 48 h on (a) Ti, (b) TiO2(UV), (c) TiO2(UV)-Ale and (d) TiO2(UV)-Ris substrates
derivatives at ×1000 magnification.
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coated Ti cp4 surfaces, by UV treatment and functionalization with
bisphosphonates, specifically alendronate and risedronate. The TiO2

film deposited on Ti cp4 by spin coating technique presents a chemi-
cally hydroxylated surface that allows the covalent attachment with
bifunctional compounds. The work has shown that the UV light treat-
ment of surfaces changes the chemical properties, like wettability.
Furthermore, the UV treatment allowed an orderly and oriented im-
mobilization of alendronate and risedronate on the TiO2 film surface,
forming monolayers. TiO2 (UV) sample presented greater cell viability
in 48 h, the behavior of the functionalized groups showed better via-
bility when compared to the Ti control, normally used in biological
implants.

In addition, the functionalized surface with bisphosphonates also
exhibit the hydrophilicity required in literature, TiO2 (UV)-Ale and
TiO2 (UV)-Ris have a contact angle of 9.9° and 21.3°, suitable for via-
bility and mineralization of pre-osteoblastic cells. However, the surface
chemistry played a significant role in cell mineralization, since
TiO2(UV)-Ale with eNH2 groups on surface showed low potential for
calcium formation in 14 days, even with high cell adhesion and viabi-
lity. Therefore, these compounds emerge as a potential treatment on
implants surfaces.
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